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Abstract 
Background: Induction of gene expression in a specific cell and a defined 
time window is desirable to investigate gene function at the cellular level during 
morphogenesis. To achieve this, I attempted to introduce the infrared laser–
evoked gene operator system (IR-LEGO, Kamei et al., 2009) in the Drosophila 
embryo. In this technique, infrared laser light illumination induces genes to be 
expressed under the control of heat shock promoters at the single cell level.  
Results: I applied IR-LEGO to a transgenic fly stock, HS-eGFP, in which the 
eGFP gene is placed under the control of heat shock protein 70 promoter, and 
showed that eGFP expression can be induced in single cells within 1-2 hours 
after IR illumination. Furthermore, induction of HS-Branchless (bnl) transgene 
encoding the Drosophila Fibroblast Growth Factor (FGF) effectively altered the 
migration and branching patterns of the tracheal system. Induction of 
HS-Serp-CBD-GFP indicates that secreted serpentine can reach the tracheal 
lumen across epithelial barriers through transcytosis. I further focused on the 
response of fusion cells of dorsal branch to ectopic bnl and found that ectopic 
bnl inhibited migration and fusion of dorsal branch. I provide evidence that this 
inhibitory response to bnl on fusion cell migration is mediated by Drosophila 
FGFR, breathless (btl). Transcription factors escargot (esg) and dysfusion (dys) 
are also involved. 
Conclusions and discussion: My results indicated that IR-LEGO is a 
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promising choice for the timely control of gene expression in a small group of 
cells in the Drosophila embryo. By using IR-LEGO, I further demonstrated 
diverse role of FGF signaling in the tracheal cell specification and migration. 
The role of dynamically changing bnl expression in tuning precise timing of 
branch fusion will be discussed.  	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Introduction 
Methods for controlling gene expression in a temporally and spatially 
regulated manner have advanced our understanding of developmental gene 
functions. Heat shock promoters were one of the first choices for ectopically 
controlling gene expression at a defined time point to alter developmental 
processes (Schneuwly et al., 1987; Struhl, 1985). Spatial specificity of gene 
expression was achieved by using the GAL4-UAS system (Brand and 
Perrimon, 1993), and addition of a temperature-sensitive form of the Gal4 
inhibitor, Gal80, created a system with temporal control as well (McGuire et al., 
2003). Spatial control of gene expression can also be achieved by the 
technique of the FLP-FRT system, in which random somatic recombination 
events creates clones of genetic mosaic with ectopic expression of genes of 
interest (Lee and Luo, 1999; Nellen et al., 1996; Zecca et al., 1996).  
   These techniques have greatly advanced the study of gene functions, 
especially in the imaginal discs and larval central nervous system where 
extensive cell proliferation occurs in a period of several days. On the other 
hand, these techniques have limitations for the study of embryonic tissues 
where cell division number is limited and the duration of embryonic 
development is relatively short (22 hours at 25°C).  
    Light-induced control of protein activity has become a key technique for 
functional analyses of genes. Optogenetics utilizes light to control neuronal 
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activities by transiently modulating light-sensitive ion channels (Deisseroth et 
al., 2006). The Coumarin 440 dye laser has been used for inducing heat shock 
response in a small group of cells in the fly embryo (Halfon et al., 1997), and 
Kamei and colleagues improved this technique by employing an infrared laser 
to control heat production (Kamei et al., 2009). The micrometer wavelength of 
infrared light has advantages over visible light because its absorbance by 
water molecules directly heats the tissue. This system, called IR-LEGO 
(infrared laser-evoked gene operator), was successfully used to induce gene 
expression in specific single cells in C. elegans (Kamei et al., 2009; Suzuki et 
al., 2013). IR-LEGO has also been applied to induce gene expression in 
medaka, zebrafish, and Arabidopsis (Deguchi et al., 2009; Kimura et al., 2013; 
Suzuki et al., 2014).  
In this thesis, I mainly focused on the application of the IR-LEGO system 
to the Drosophila embryo and the study of tracheal development. Drosophila 
tracheal development starts from the invagination of epidermis. At stage 11, 
about 40 cells on each side of trunk segments (T2, T3, A1 to A8) are specified 
as tracheal placode. Those cells invaginate through the tracheal pit while 
undergoing cycle 16 mitosis. At stage 12, branching morphogenesis begins in 
the invaginated tracheal primordia through activation of FGF signaling. At 
stage 13, the tracheal branches fuse to lay down the basic pattern of the 
tracheal network. No cell proliferation happens during these stages. The 
formation of tracheal branches only relies on cell shape change and cell 
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movements (Samakovlis et al., 1996). I further focused on the development of 
dorsal branch, which contains three cell types, one terminal cell that can 
extend its cell shape and form the terminal branch, one fusion cell that can 
fuse with its partner fusion cell come from the opposite side to complete the 
embryonic tracheal network, three to five stalk cells that following the tracheal 
tip cells. FGF signaling is continuously activated in tracheal cells, but the late 
function of FGF signaling was poorly characterized.  
Content of this thesis consists of four parts.  
In part 1, application of the IR-LEGO system to the fly embryo is described. 
I introduce the IR-LEGO system combined with confocal microscope that 
permitted us to continuously monitor gene expression and tracheal 
development before and after laser heat shock. Using this system, I optimized 
the condition of laser heat shock to induce HS-eGFP expression in single 
ectodermal cells within 1 hour after laser illumination.   
In part 2, I used IR-LEGO to manipulate FGF signaling to investigate its 
late function in the morphogenesis of the tracheal system. The major FGF 
ligand for the trachea is encoded by Branchless (Bnl), that is dynamically 
expressed in the cells surrounding the tracheal pit and guide tracheal cell 
migration by activating Breathless (Btl) FGF receptor expressed in tracheal 
cells (Sutherland et al., 1996). I applied IR-LEGO to ectopically induce Bnl in 
the surrounding tissue from HS-bnl construct, and showed that localized 
ectopic Bnl modulates branching and migration of terminal cells. These results 
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demonstrated that late FGF signaling controls terminal cell migration, and 
uncovered the unexpected polar effect of FGF signaling.  
In part 3, I describe a unique response of fusion cells to ectopic FGF. My 
results suggest that fusion cells are not attracted by ectopic FGF but show a 
repulsive response to ectopic FGF induced in the ectoderm of prospective 
fusion position. I extended this observation and demonstrated that the 
repulsive FGF response is under control of Btl receptor and the fusion cell 
specific transcription factor escargot (esg). In addition, I reported that Esg acts 
together with another transcription factor dysfusion (dys) to specify fusion 
cells.  
In part 4, an application of IR-LEGO to study extracellular protein 
trafficking is discussed. I applied IR-LEGO to study transcytosis of serpentine 
(Serp) protein, which is a secreted chitin deacetylase accumulating in the 
lumen of embryonic tracheal tubes. I demonstrated that HS-Serp-GFP reporter 
gene expressed by laser heat shock of none-tracheal cells is transcysosed to 
the tracheal lumen. My result provided a key proof of the concept that 
transcytosis connects tracheal lumen development and tracheal tube length 
control with organismal control of protein trafficking.  
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Methods 
Fly stocks 
To construct HS-eGFP plasmid, the BglII-NotI fragment of eGFP from 
EGFP-N3 (Clontech) was inserted into BglII-NotI-digested pCaSpeR-hs vector 
(Thummel and Pirrotta, 1992). To construct HS-Rho1 wt, V14 and N19 
plasmid, the EcoRI-BglII fragment of Rho1 wt, V14 and N19 from UAS-Rho1 
wt, V14 and N19 transgenic construct DNA was inserted into EcoRI-BglII 
-digested pCaSpeR-hs vector. Serp-CBD-GFP was digested by EcoRI and 
XbaI from UAS-Serp-CBD-GFP construct (Luschnig et al., 2006), and then 
was inserted into EcoRI and XbaI- digested pCaSpeR-hs vector. These 
constructs and HS-bnl (a kind gift from Makoto Sato (Sato and Kornberg, 
2002)) plasmids were injected to y1 w63C1 ; delta2-3 host embryos to recover a 
transgenic insertion into the second and third chromosome respectively. 
UAS-GFP-N-lacZ driven by btl-Gal4 was used to label the nuclei of tracheal 
cells. P{btl-moe.mRFP1} (Flybase ID:FBtp0020226) was a gift from Markus 
Affolter. HS-N and HS-Dl were the gifts from Kenji Matsuno. w[*]; 
P{w[+mC]=His2Av-mRFP1}III.1 (Flybase ID:FBst0023650), Esg[G66B], dys2, 
dys3, bs[PZ], HS-Rhomboid, UAS-GFP, 1-eve-1 (trh-lacZ), UAS-btl, UAS-btl 
RNAi (y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS02038}attP2 ), 
UAS-dof/Cyo, GRM13C07-Gal4 (dys-Gal4) were obtained from the 
Bloomington Stock Center. These stocks were cultured in 25°C except special 
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instruction. Water bath was used to performed general heat shock 
experiments. Embryos were collected and heat shock 30 mins in 37°C 
following 3 hours in room temperature and then fixed.   
 
IR-LEGO system 
IR-LEGO system (IR-LEGO-1000, SIGMAKOKI CO., LTD., Saitama Japan) 
was combined with a confocal microscope (FV1000, Olympus) equipped with 
GaAsP detectors. IR laser was introduced through the lateral camera port of 
an inverted microscope (IX81, Olympus). Laser intensity in the focal plane was 
measured by a laser sensor placed in the focal point. Measurements for each 
input power was taken twice to calculate mean values (variation within 2%).  
 
Live imaging 
Confocal images were acquired using a laser-scanning confocal microscope 
(FV1000, Olympus) equipped with PlanApo 60x NA1.40 oil IR lens. Fifteen 
512x512 pixel images of 1µm-thick sections were captured every 5 minutes for 
4 hours with a 1x zoom with GaAsP detectors. The images were denoised and 
projected with in-house software Malma (Kagayaki Kato, unpublished).  
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Data analysis  
Fluorescence intensity of z-projected images was measured using Image J 
(NIH). Signal intensity was measured from ROIs set on eGFP positive regions 
and three control regions for background measurement, and background 
subtracted value was used as signal intensity. Student’s two-sided unpaired 
t-test with equal variance was used to assess statistical significance. 
 
Immunofluorescence and antibodies 
The primary antibodies were: mouse anti-Notch (1:100, Hybridoma Bank); 
mouse anti-Delta (1:100, Hybridoma Bank); mouse anti-dpERK (1:1000, 
Sigma); mouse anti-DSRF (1:1000); rat anti-esg (1:100); mouse monoclonal 
anti-Svp [1:10, a gift from Yasushi Hiromi (Kanai et al., 2005)]; rabbit anti-Serp 
(1:300, a gift from Stefan Luschnig), rabbit anti-dys (1:800, a gift from Lan 
Jiang), rabbit anti-β-gal (1:1000). The chitin-binding probe (CBP) (1:50) was 
prepared from a bacterial expression construct according to the protocol 
provided by Yinhua Zhang (New England Biolabs) 
 
Fluorescence in situ hybridization 
The bnl probe was used a 900bp fragment from bnl cDNA. The sequence was 
cloned into pCR II-TOPO vector (Invitrogen) and then digested with Hind III or 
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XbaI to create the template for in vitro transcription using T7 and sp6 
respectively, to produce sense and antisense probes. Whole-mount 1-eve-1 
(trh-lacZ) embryos were fixed using 4% paraformaldehyde in PBS. In situ 
hybridization was conducted using DIG-labelled sense and antisense probes, 
following a standard protocol. Mouse anti-DIG-Biotin-sp-conjugated (1:500) 
was used for immunostaining. Tracheal cells were labelled by rabbit anti-β
-gal. 
 
 
Results 
Part 1. Set up IR-LEGO system in Drosophila embryo 
Set up of the IR-LEGO system 
In order to identify specific cells to target with the IR laser and to track its 
effects on embryonic development, the IR-LEGO system was combined with a 
confocal microscope (FV1000, Olympus). Infrared laser was introduced into 
the excitation light path to illuminate a small spot focused by an objective lens 
with a high numerical aperture with high transmittance of infrared wavelength 
(PlanApo 60x/NA1.40 Oil IR, Fig.1A). Laser intensity in the focal plane was 
linearly correlated with the power output of the laser source (Fig.1B). Since the 
temperature of cells in the illuminated area has been shown to be linearly 
correlated with the input laser power (Kamei et al., 2009), it was expected that 
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the temperature of a target area could be controlled precisely by adjusting the 
laser power.  
 
Optimization of laser illumination 
In my preliminary experiments, I applied IR-LEGO to stage 6-7 HS-eGFP/+; 
His2Av-mRFP/+ embryos and found that input power greater than 50 mW 
caused obvious toxicity in the illuminated cells. Defects included chromosome 
condensation in interphase cells and failure of cells to enter mitosis. When 
input power was greater than 80 mW, the cell structure was destroyed 
immediately. I tested the effects of a illuminating cells with a laser power 
ranging from 38 mW to 46 mW on HS-eGFP expression by using stage 6-7 
embryos (3 hours after egg laying (AEL)) and found that a laser power in the 
window of 40 mW to 44 mW was suitable for inducing eGFP expression while 
also maintaining high cell viability (Fig. 2A). The results showed that 40 mW, 
42 mW or 44 mW illumination induced eGFP expression within one hour (Fig. 
1A), and the frequency of eGFP expressing spots reached 44 to 66% within 
two hours (Fig. 2A). Illumination with 44 mW laser induced eGFP in a larger 
number of cells (Fig. 2A), while maintaining a constant intensity of IR-induced 
eGFP fluorescence (Fig. 2A)  
In addition, I also tested pulse laser source. Pulsed Illumination of 8.3 
millisecond duration in 6 Hz frequency has been shown to greatly improve the 
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frequency of single cell heat shock (Suzuki et al., 2013). I compared laser 
pulse condition of 25mW, 4 second, 60Hz (10 millisecond ON, 6.7 millisecond 
OFF) with the condition of continuous illumination of 25mW for 4 second. The 
results showed that the pulsing significantly reduced the number of eGFP 
positive cells (Fig. 2B). In addition expression level was decreased and the 
time require for detectable expression was increased (Fig. 2B). I concluded 
that pulsed laser has an advantage in limiting the effect of heat shock to a 
small area, although the expression level was lower. I decided to use the 
continuous laser source for the rest of experiments.  
I also attempted to use the GAL4-UAS system to increase versatility of the 
system. However, Hsp70-Gal4 combined with UAS-GFP failed to induce 
detectable GFP expression within 4 hours after heat shock. In addition, I tested 
the flip out Gal4 approach (Hsp70-FLP, AY-Gal4 and UAS-GFP)(Ito et al., 
1997). Heat shock of stages 6 to 8 embryos with either IR or water bath (37°C, 
30 minutes) failed to produce significant level of eGFP expression within 4 
hours after heat shock. 
 
Manipulation of gene expression by IR-LEGO in 
ectodermal cells of Drosophila embryo  
To further characterize IR-induced induction of gene expression in Drosophila 
embryos, I used a Hsp70-eGFP transgenic strain combined with 
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His2Av-mRFP, a nuclear marker. Embryos at stage 6 (3 hours AEL) were 
illuminated with IR laser focused at the nucleus of cells (laser source setting at 
44 mW, 1 sec) in the ectoderm, and its development was recorded by dual 
colour confocal microscopy in the following four hours (Fig. 3A, B, 
Supplementary movie S1). Weak eGFP expression was detected 1 hour after 
illumination (Fig. 3B). eGFP expression became stronger and showed clear 
cytoplasmic distribution 2 hours after illumination (Fig. 3B). The heat-shocked 
cells underwent cell division at the normal scheduled timing (Fig. 3B). I further 
tested embryos at stages 9 to 11 (4 to 7 hours AEL), when cells are smaller 
than the earlier stages. In these stages, IR illumination (44 mW, 1 sec) induced 
eGFP expression in a group of 3-6 cells, but not in single cells (Fig. 3C, D).  
Time course of eGFP expression was studied. At 1 hour after heat shock, 
25% of heat shocked cells weakly expressed eGFP. At 2 hours after heat 
shock, frequency of eGFP positive cells increased up to 80% (Fig. 3D). The 
number of visible eGFP positive cells decreased by 3 and 4 hours after heat 
shock (Fig. 3D). Since I detected strong eGFP expression 5 hours after heat 
shock, cell movement into a deeper position within the embryo is a likely 
reason for the decrease in the number of eGFP positive cells after 3 and 4 
hours. These results demonstrated the high efficiency of IR-LEGO induced 
gene expression.  
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Test of heat inducible genes 
To further apply IR-LEGO to study the tracheal development, I obtained and 
generated some heat shock stocks, which are related to the pathways and 
combine them to IR-LEGO to see whether transient induction of these genes 
can cause developmental defect of dorsal branch. The stocks I tested here are 
HS-Dl, HS-N, HS-rhomboid, HS-rho1-wt, HS-rho1-V14, HS-rho1-N19 and 
HS-bnl. 
First, I tested these stocks using general water bath heat shock (37 
degree heat shock for 1 hour and recover in room temperature for 3 hours). 
General heat shock of HS-Dl and HS-N did increase the expression of Notch 
and Dl (Fig 4A, B) and induced additional bristles in the adult fly as described 
in the literature(Artavanis-Tsakonas.S. et al., 1995), but did not cause strong 
developmental defect in the dorsal branch development. HS-rhomboid can 
activate the EGF signaling ligand spitz after heat shock and then further to 
activate the downstream MAPK signaling. It is known that EGF signaling and 
MAPK signaling is active during the invagination process of tracheal placode. I 
therefore induced ectopic rhomboid in embryos using water bath heat shock. 
HS-Rhomboid did induce a strong expression of MAPK, but did not cause any 
defects of tracheal development. Rho1 (Ras homolog gene family, member A) 
is a small GTPase protein known to regulate the actin cytoskeleton in the 
formation of stress fibers and it plays a crucial role in the cell motility during 
development. I generated three heat shock stocks of Rho1. HS-Rho1-wt is a 
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wildtype Rho1 cDNA following the heat shock promoter. HS-Rho1-V14 is a 
continuous active form of Rho1 following the heat shock promoter. 
HS-Rho1-N19 is a dominant negative form of Rho1 following the heat shock 
promoter. General heat shock of HS-rho1-wt and HS-rho1-V14 can cause a 
strong defect of trachea, while HS-rho1-N19 did not show any overt 
phenotypes (Fig1-4 B-F). Thus, I combined HS-Rho-V14 with IR-LEGO, to 
induce Rho-V14 expression in the cells surrounding tissue the dorsal branch to 
see whether the migration of dorsal branch is affected or not. However after 4 
hours, I did not detect any obvious changes in the dorsal branch development.  
The aim of these experiments was to search for the genes that can cause 
fast and significant phenotype of dorsal branch. The heat shock stocks I tested 
above may cause significant phenotypes if its expression is induced in proper 
cells in specific developmental stages. Though they did not fully meet my 
requirement in this project, they may still useful with carefully control 
experiments and tests. 
 
Discussion  
Here I demonstrated that IR-LEGO can be used to activate heat shock 
response in a small number of cells in Drosophila embryos, increasing the 
repertoire of organisms that IR-LEGO can be applied to in addition to the 
reported cases in C. elegans, medaka, zebrafish and Arabidopsis (Deguchi et 
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al., 2009; Kamei et al., 2009; Kimura et al., 2013; Suzuki et al., 2013). For 
practical use of IR-LEGO in rapidly developing organisms like the Drosophila 
embryo (22 hours for embryogenesis), heat shock response needs to be rapid. 
Expression of eGFP was induced within 60 minutes after heat shock of the 
HS-eGFP strain. I also tried to restrict gene induction in single cells. Although 
this goal was achieved, its efficiency was less than 20% at two hours after heat 
shock, and this efficiency dropped in later stages when cell size was reduced 
(Fig. 3D). eGFP can be induced in deeper positions of the embryo, but the 
induction efficiency is reduced due to the IR laser being absorbed by the cells 
above the heat shock position. In my experiments, I mainly focused on the 
epidermis and the tracheal system, which has a depth between 5~50 µm. I 
noted that, in most cases, the IR laser targeted to a deep position induced 
eGFP expression in the focal plane as well as cells located above. 
Furthermore, heat shock on its own had an inhibitory effect on terminal branch 
formation when illumination was directly targeted (Fig. 8, it will be discussed in 
part 2). Those drawbacks should be taken into account when planning 
experiments. 
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Part 2. Ectopic FGF alters the migration and branching 
patterns of terminal branch in Drosophila embryo 
Ectopic FGF induced by IR-LEGO caused attractive 
terminal branch migration 
In order to apply IR-LEGO for the study of morphogenesis, I expressed FGF 
ligand branchless (Bnl), which is a major regulator of branching 
morphogenesis in the Drosophila trachea system (Sutherland et al., 1996; 
Samakovlis et al., 1996) . Tracheal primordia formed in the trunk ectoderm 
undergo stereotypical branching processes controlled by regulated expression 
of Bnl in mesodermal and ectodermal tissues (Sutherland et al., 1996). Bnl 
activates FGF signaling and ERK in a subset of tracheal cells that occupies the 
tip of tracheal branches, extending numerous filopodia and leading active 
migration (Klambt et al., 1992; Sato and Kornberg, 2002). Later, FGF signaling 
triggers differentiation of specialized terminal cells that extend a long cell 
protrusion containing intracellular lumen, called the terminal branch (Guillemin 
et al., 1996).  
It was previously suggested that localized expression of FGF was crucial 
for initiating the branching program. However, the extent to which 
developmental plasticity is retained after the branching program is initiated is 
unknown. With this question in mind, I attempted to create a system for ectopic 
expression of Bnl.  
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HS-bnl insertion was combined with HS-eGFP and the tracheal marker 
btl::moe-mRFP for the IR heat shock experiment. In the following experiments, 
only the embryos positive for induced eGFP were scored. I focused on the 
dorsal branch (DB), which migrate dorsally and fuse with another DB from 
contralateral side at the dorsal midline (Kato et al., 2004). DB consists of three 
cell types, the fusion cell that leads migration and mediates branch fusion, the 
terminal cell that is located on the anterior side of the DB tip and sprouts a long 
terminal branch along the compartment boundary, and the stalk cells that 
follow the fusion cell (Fig. 5A, Fig. 6E). Terminal branching in the larva is 
known to be determined by FGF signaling (Jarecki et al., 1999).  
In order to determine whether the ectopic source of Bnl affects tracheal 
branching, IR laser was illuminated at three positions in stage 13 (10 hours 
AEL) embryos when the length of DB was about one third of the final length 
and prior to terminal cell differentiation (Fig.5A). The laser was focused at the 
depth of DB tips; thus the mesodermal cells surrounding tracheal cells, or the 
tracheal cells themselves were heat shocked, as confirmed by the induction of 
eGFP in several cells 60 minutes after IR illumination (Fig. 5C). The results 
showed that terminal branches were most sensitive to the ectopic Bnl, and the 
phenotypes observed were classified to four categories: attraction, bifurcation, 
delay or inhibition, and no effect (Fig.5B-F, Supplementary movie S2-4).  
The attraction phenotype caused by position 1 illumination is shown in Fig. 
5D. Terminal branch in DB5 (yellow arrow, 58 minutes) was directed to the 
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posterior source of ectopic Bnl (arrowhead). No terminal branch was observed 
in the normal position of DB5. In the bifurcation example caused by position 1 
illumination shown in Fig. 5E, DB5 sent a protrusion posteriorly (yellow arrow, 
58 minutes) that matured to a terminal branch extending ventrally (165 
minutes). DB5 also extended another protrusion anteriorly (red arrow, 116 min) 
that matured as a terminal branch with normal ventral direction (165 min). 
Thus the terminal branch of DB5 appeared bifurcated.  
 
Multiple effects of Bnl on terminal cell behaviour 
The bifurcation phenotype might be a result of secondary terminal branch 
formation from single terminal cells, or secondary terminal cell recruitment. In 
order to resolve those possibilities, I repeated the experiment with embryos 
marked with tracheal cell nuclei (Fig. 6). Tracheal cell nuclei were numbered 
according to the location and cell identity: #1, terminal cell; #2, fusion cell; #3 
and others, stalk cells (Fig. 6E). Based on the location of terminal cell nucleus 
and terminal branches, the bifurcation phenotype induced by position 1 
illumination (N=7) was classified into three categories. Type 1 (N=2) 
phenotype showed an additional terminal branch directed posteriorly, while the 
normal terminal cell (with a nucleus) was located on the anterior side (Fig. 
5B-B”’). Type 2 (N=2) phenotype showed a posterior migration of the terminal 
cell (with a nucleus), and later, the anterior extension of an additional terminal 
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branch (Fig. 6C-C”’). Type 1 and Type 2 phenotypes display reciprocal 
arrangements of the terminal cell and the ectopic terminal branch and may 
represent the formation of an additional terminal branch from a single terminal 
cell (Fig. 6F, G). On the other hand, the Type 3 (N=3) phenotype showed 
simultaneous anterior and posterior migration of terminal cells containing a 
nucleus, each developing with an extended terminal branch (Fig. 6D-D”’). This 
phenotype may represent additional differentiation of terminal cell from cells 
initially occupying the position of a stalk cell (Fig. 6H)  
 
Long-range attractive influence of ectopic FGF on 
terminal branching 
I also assessed the effect of HS-bnl on terminal branch migration in distant 
neighbors (about 25~30 µm from the heat shock position; Fig. 7A, B, anterior 
and posterior DB). In nine examples of HS-bnl embryos receiving IR heat 
shock in one or two spots, the anterior DB of six embryos showed terminal 
branch attraction phenotype. This effect was transient in most cases, as after 
some period of posterior migration, the terminal branches of anterior DBs 
returned to the normal position and migrated ventrally (Fig. 7C, Supplemental 
movie S5).  
A further long-range effect example was found in the case shown in Fig. 
5D (Illumination between DB5 and 6, Supplementary movie S3. Larger area 
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views including DB3 are shown in Fig. 7D). At 58 minutes after IR illumination, 
DB5 located anterior to the illuminated spot has already sent a terminal branch 
posteriorly (Fig. 7D, Supplemental movie S3). Subsequently, the terminal 
branches of DB4 and DB3 also migrated posteriorly (Fig. 7D, 117 min, 
Supplemental movie S3). Remarkably, the long filopodium from DB3 extended 
transiently passed DB4. The DB4 terminal branch also reached the position of 
DB5 (Fig. 7D, 117 min). These branches were then redirected in ventral 
direction (161 min, Supplemental movie S3). These observations suggest that 
ectopically expressed Bnl attracted migration of terminal branches two 
segments anterior to the site of expression.  
I noted that ectopic Bnl was less effective in influencing DB located 
posteriorly to the site of expression. In the case shown in Fig. 7D, DB6 located 
posterior to the illuminated spot sent a fine filopodium anteriorly at 58 minutes 
after illumination, and came into contact directly with DB5 (Fig. 7D). At 117 
minutes, the anterior filopodium retracted and a terminal branch was extended 
toward the normal ventral direction (Fig. 7D). A similar phenotype was 
observed in DB8 of the same embryo and in DB6 and DB8 of another embryo 
(Supplemental movie S3, 4). In addition, in nine cases of one- or two-spot 
illumination, no effects were observed in the terminal branch in one segment 
posterior to the site of illumination (Fig. 7B). Therefore, while DB is sensitive to 
and attracted to Bnl coming from posterior direction, it is attracted less 
efficiently or is non-responsive to Bnl coming from anterior direction.  
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Non-specific effect of direct heat shock on tracheal 
cells 
Direct heat shock of DB tip (position 3, Fig. 5A) often caused arrest of terminal 
branching (Fig. 5B, Fig. 8A, B). Since this phenotype was observed in embryos 
with or without HS-Bnl, this is a general effect of heat shock on terminal 
branching. 
 
Discussion  
Ectopic expression of Bnl was used to assess which part of tracheal branches 
retains competence to respond to FGF. While terminal branches from the tip of 
the DB was effectively misdirected or bifurcated, DB itself migrated to the 
dorsal midline and underwent fusion, suggesting that dorsal migration guided 
by fusion cells was less affected by ectopic Bnl. Response of DB to ectopic Bnl 
was mostly limited to the terminal cell. The phenotypes include formation of an 
additional terminal branch from the terminal cell (Type 1 and Type 2, Fig. 7), 
likely a true bifurcation from single terminal cell, as previously observed in 
some mutant condition (Oshima et al., 2006). Type 3 phenotype, on the other 
hand, involves duplication of the terminal cell. Since the fusion cell was 
present, additional terminal cells were likely derived from a respecification of 
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stalk cells. These observations suggest that by stage 13, competence to 
respond to Bnl is already limited to terminal cells and adjacent stalk cells as 
previously suggested by the observation that the breathless (btl, FGF receptor) 
mRNA expression is limited to the terminus of the tracheal cells at this stage 
(Ohshiro et al., 2002).  
I found that ectopic Bnl influenced migration pattern of the terminal branch 
not only within the same segment, but also up to two segments away from the 
site of ectopic expression. This long-distance effect was unexpected because 
the position and direction of each tracheal branch is known to correspond 
precisely to the position of nearby Bnl expression (Sutherland et al., 1996), 
suggesting that Bnl normally acts over short distances. I suggest two 
mechanisms for restricting long-range Bnl function. First is strict dosage 
control. It is known that half-dose reduction of bnl gene dosage causes 
tracheal defects (Sutherland et al., 1996), indicating that the expression from 
two-gene copy is optimal for the range of Bnl diffusion within each segment. 
Expression from HS-bnl, even with only a one-second heat shock, might lead 
to an overdose in endogenous Bnl levels and to Bnl diffusion beyond the 
normal range. A second possible mechanism is context dependency. I found 
striking polarity-dependence in the effects of ectopic Bnl. Terminal cells 
located anteriorly to the source of ectopic Bnl responded sensitively by 
relocating and misdirecting the terminal branch, while those located posteriorly 
to ectopic Bnl responded only weakly and transiently. Those none/weakly 
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responding terminal cells were located in their normal positions, at the site of 
endogenous Bnl expression and sent the terminal branch along the posterior 
compartment of epidermal cells expressing Hedgehog, maintaining their 
association with the epidermis in a manner dependent on Hedgehog signaling 
(Kato et al., 2004). I speculate that once the terminal cells activate Hedgehog 
signaling, they suppress responsiveness to ectopic Bnl. When terminal cells 
relocate to a posterior position, they may be more sensitized to ectopic Bnl. 
Consistent with this idea, once the terminal branches extending from 
misdirected terminal cells reached the posterior side of the segment, I 
observed that they turned in a ventral direction, and no longer seemed to be 
influenced by the location of ectopic Bnl.  
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Part 3. The role of FGF signaling in tracheal branch 
fusion in Drosophila 
In part 2, my results confirmed that terminal branch is most sensitive to ectopic 
FGF signal. However, whether or how fusion cell responds to ectopic FGF is 
unknown. So I focused on the response of fusion cells in this part. The fusion 
cell is the cell in the tip of the dorsal branch. It contacts with its partner fusion 
cell from the opposite side in stage 16 and then undergoes fusion process to 
form the embryonic tracheal network (Fig.9A-D, E-H, E’-H’, Supplementary 
movie S6, internal control). I used IR-LEGO to induce ectopic FGF in stage 14 
embryo in the prospective fusion position and used live imaging to track the 
response of fusion cells. Surprisingly, unlike terminal cells, which were 
attracted by the ectopic FGF, the fusion cell migration was inhibited by ectopic 
FGF. Its migration stopped before it contacted its partner and failed to undergo 
the fusion process (Fig. 9E-H, E’-H’, Supplementary movie S6). In stage 14, 
migration of fusion cell was normal (Fig.9F, F’). However, in late stage 15 
when two fusion cells contacted in control branches, ectopic FGF expression 
arrested the migration of nearby fusion cells (Fig.9G, G’). This result 
suggested that FGF signaling acts as an inhibitor of fusion cell migration, as 
opposed to its role as attractor for terminal cells.  
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Localization of bnl mRNA in late stage embryo 
In order to understand the role of ectopic FGF on fusion cell migration, it is 
important to monitor the expression pattern of endogenous FGF expression. I 
So I used Fluorescence In Situ Hybridization (FISH) to study the localization of 
bnl mRNA. Bnl is known localized in the cells surrounding the tracheal cells 
and function as the guiding molecule to guide the migration of tracheal cells 
(Sutherland et al., 1996). However, its expression pattern is unclear in late 
stage embryo. My results showed that in stage 13, bnl mRNA is strongly 
localized in the leading edge and the bridge cell (Wolf et al., 2002) (Fig. 
10A-A’”). In stage 14, the expression pattern dynamically changed to a more 
segmental pattern (Fig. 10B-B’”). The expression of bnl was along the terminal 
branch elongate direction and in the tip of the dorsal branch. In the Y-Z cross 
view, bnl was localized in the epidermal cells adjacent to the tip of dorsal 
branch (Fig.10A”, B”). In stage 15, the stage just before fusion cell contact, bnl 
expression persisted in the epidermis near the fusion position (Fig. 10C-C’”), 
suggesting that FGF signaling continued to influence fusion cell behaviour. 
The results of HS-bnl imply that a switch of FGF response in fusion cells, from 
attraction to inhibition, occurred in late stage of fusion cell migration.  
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Proper level of FGF signaling is required for fusion 
cell migration. 
To test how FGF signaling affect the migration of fusion cell, I first used fusion 
cell specific driver dys-GAL4 to drive UAS- btl RNAi construct to downregulate 
FGF receptor, branchless (btl), in the fusion cell. 13 out of 45 branches 
stopped their migration before contacting to their partners (in control, 
dys-GAL4 driven GFP, 0 out of 24 branches showed this 
phenotype)(Fig.11A-A”, B-B”, Supplementary movie S7, S8), indicating that 
FGFR is required for the migration of fusion cell.  
 Next, I used dys-GAL4 to drive UAS-btl wt construct to over activate FGF 
signaling in fusion cells in late stage of dorsal branch migration. This treatment 
resulted in inhibition of dorsal branch fusion (11 out of 36 branches showed the 
inhibition phenotype)(Fig.11C-C”, Supplementary movie S9). This result 
showed similar phenotype as the IR-LEGO experiment. To better figure out 
this inhibition phenotype, I compared the distance between fusion cell and 
leading edge during development using live imaging in knockdown, 
overexpression and control conditions (Fig.11E). My results suggested that 
both overexpression and knockdown btl in fusion cell delay the fusion 
migration. Thus, these results suggested that proper level of FGF signaling is 
required for fusion cell migration. 
 In addition, I overexpressed downstream of FGF (dof), which is the 
downstream effector of FGF signaling with dys-GAL4. This treatment did not 
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influence dorsal branch migration or fusion (3 out of 51 branches showed 
inhibition phenotype)(Fig. 11D-D”, Supplementary movie S10). We consider 
this result tentative and further analysis such as the test of Dof expression 
level, is required before making a conclusion.  
Esg and Dys are required for the inhibitory response 
of fusion cell 
Next, I asked which transcription factors (TFs) regulate the inhibitory FGF 
response in fusion cell. To further study the mechanism, I focused on two 
genes specifically expressed in fusion cell, escargot (esg) and dysfusion (dys).  
escargot (esg) is a zinc finger transcription factor. dysfusion (dys) encodes a 
basic helix-loop-helix (bHLH)-PAS protein. These two TFs are required for 
normal fusion process (Jiang and Crews, 2003; Tanaka-Matakatsu et al., 
1996).   
 In esg mutant embryos, fusion cells migrated and contacted to the partner 
fusion cell in late stage 15, but failed to complete fusion (Tanaka-Matakatsu et 
al., 1996) (Fig. 12C, D-D”, Supplementary movie S12 compare to Fig.12A, 
B-B”, Supplementary movie S11). In stage 16, an intracellular lumen enriched 
with F-actin was formed in fusion cell in esg mutant embryos. It extended 
toward fusion cell contact site, and continued to elongate into an extensively 
winding form similar to the terminal branch lumen (Fig. 12D”).  
 Next, I checked the phenotype of dys mutant. In dys mutant embryo, 
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fusion cells also fails to complete fusion (Jiang and Crews, 2006). 
High-resolution live imaging revealed that the phenotype of fusion cell in dys 
mutants was distinct from that of esg. In dys mutants, filopodia formed by 
fusion cells were less abundant than in control and esg mutant fusion cells. 
Correspondingly, fusion cell migration was retarded and most of fusion cells 
failed to reach dorsal midline and contacted with other fusion cells (Fig. 12E, 
F-F”, Supplementary movie S13). No luminal structure was observed in dys 
mutant fusion cells (Fig. 12F”).  
 To investigate whether esg contribute to the inhibitory response of fusion 
cell, I applied IR-LEGO to induce ectopic FGF in esg mutant embryo. Although 
the fusion did not complete (Fig13D, D’, movie S15), surprisingly, fusion cells 
migrated across the site of ectopic FGF expression and reached dorsal midline 
to contact with its partner (Fig. 13C, C’). Either inhibitory response or attractive 
response to ectopic FGF was not observed. 
 When ectopic FGF was induced in dys mutant embryo, the DB was not 
further affected either positively or negatively (Fig.13E-H, E’-H’, movie S16). 
These results suggested that esg and dys regulate FGF signaling response in 
fusion cells.  
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Esg and Dys regulate distinct characters of fusion 
cells. 
To better understand the relationship between esg and dys, it is important to 
clarify their epistatic relationship. Jiang and Crews (2003) reported that the 
lacZ reporter of esg was still expressed in embryos injected with double strand 
RNA of dys transcript (Jiang and Crews, 2003). I tried to confirm this result by 
checking Esg expression in dys mutants and found that esg was still 
expressed in dorsal branch fusion cells of dys mutants (Fig.14A, B). Taken 
together with the finding by Jiang and Crews (2003) that Dys expression was 
lost in fusion cells of dorsal branch, lateral trunk and first three ganglionic 
branches of esg mutant embryos ((Jiang and Crews, 2003), Fig14D, E), I 
concluded that at the gene regulatory level, esg is placed upstream of dys.  
 Next, I combined esg and dys mutants to generate double mutant embryos. 
Those mutants showed a variety of defects including delay of dorsal branch 
migration similar to dys, and appearance of intracellular lumen in the the 
leading cells similar to esg (Fig. 12G). In addition, we observed novel 
phenotype of a loss of fusion cell and bifurcation of the remaining terminal cell 
extending dorsal and ventral protrusions (Fig. 12G, H-H”, Supplementary 
movie S14). Based on those observations, we concluded that the two genes 
have distinct role on fusion cell specification: esg specifies fusion competence 
by promoting E-cadherin expression and suppressing lumen formation, and 
dys specifies migratory competence by promoting filopodia formation. 
15/7/7	  
	   29	  
Simultaneous loss of esg and dys from fusion cells caused misspecification of 
fusion cell, while dorsal branch still extended dorsally. Suggesting that fusion 
cell specification and primary branching and migration are separable events. In 
addition, apparent loss of terminal cells was observed in double mutants. 
Reason for this synthetic effect remains to be determined.  
 
DSRF does not contribute to the fusion cell phenotype 
in esg mutants.	    
Esg is known to downregulate DSRF activity in fusion cell to maintain fusion 
cell fate (Samakovlis et al., 1996b). The ectopically formed intracellular lumens 
in esg mutant fusion cells resembled the appearance of lumens in terminal 
cells, and this phenotype was sometimes taken as a transformation of fusion 
cell into terminal cells (Samakovlis et al., 1996b). In order to clarify this issue, 
further details of esg mutant fusion cells was studied. I confirmed that DSRF 
was ectopically expressed in esg mutant fusion cells as previously reported 
(Samakovlis et al., 1996b) (Fig.14H). To study the contribution of ectopic 
DSRF expression in the esg mutant phenotype, I combined esg and DSRF 
mutations to generate double mutants. Surprisingly, ectopic intracellular lumen 
was still present in fusion cells of double mutant embryos (Fig. 14L), 
suggesting that DSRF does not contribute to thus phenotype.  
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Esg contributes to the terminal cell phenotype in 
DSRF mutants.  
It was reported that DSRF functions to maintain the lumen formation in 
terminal branch (Gervais and Casanova, 2011; Guillemin et al., 2001). In 
DSRF mutant embryo, the lumen in terminal branch is much shorter than in the 
wt embryo ((Gervais and Casanova, 2011), Fig. 14I). Interestingly, I found in 
esg, DSRF double mutant embryos, length of terminal branch was significantly 
longer than DSRF single mutants. One interpretation of this result is that in 
DSRF single mutant, esg may be ectopically expressed in terminal cells to limit 
lumen formation. To test this idea, I performed antibody staining in DSRF 
mutant embryo. However no expression of esg was detectable in terminal cells 
of DSRF mutants (Fig. 14C). These results implies that esg expressed in 
fusion cell indirectly influence lumen formation in terminal cells. Mechanism 
underlying this phenomenon remains to be elucidated.  
 
Discussion 
Regulation of FGF response in fusion cells (FCs). Its mechanism and 
implication.  
Here I described an unexpected regulation of FGF response in fusion cells. It 
was known that FGF signaling stimulates active migratory behaviour in 
tracheal tip cells during primary branching in stage 12. I have shown in Part 1 
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and 2 of this thesis that terminal cells of DBs in stage 14 are positively 
attracted by a source of ectopic FGF (Miao and Hayashi, 2015). Such positive 
migratory behaviour of cells in response to FGF signaling is also consistent 
with the budding behaviour of lung epithelial cells(Bellusci et al., 1997) and 
presomitic mesodermal cells during axial elongation of chick embryos 
(Bénazéraf et al., 2010). In contrast, I found here that fusion cells of DB 
exhibited unique inhibitory behaviour in response to FGF signaling. FCs faced 
with ectopic source of FGF was arrested in the forward movement. 
High-resolution imaging revealed that migratory movement of those FCs was 
still active, because they still extended filopodia to other directions and in some 
cases, FCs made a detour around the ectopic FGF source and reached to the 
midline with delayed timing. These results indicated that ectopic FGF had a 
local inhibitory effect on the filopodia of FCs, but FC itself maintained its 
cellular identity (Fig. 9E-H, E’-H’, Supplementary movie S6). Based on the 
result of FGFR overexpression in FCs, which showed the inhibiting migration 
(Fig. 11C”, Supplementary movie S9), and insensitivity of FCs to ectopic FGF 
in esg mutants (Fig. 13A-D, A’-D’, Supplementary movie S15), I suggested 
that the inhibitory response is induced by FGFR Breathless and its 
downstream signaling component is altered by esg.  
 Why FCs exhibits such unique behaviour? It is known that once the tip of 
DB reached near dorsal margin of dorsal epidermis, FC maintained the 
constant position 2-3 cells behind the leading edge of dorsal epidermis (Kato 
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et al., 2004). Dorsal closure (DC) movement pulls DBs to the dorsal midline 
(Caussinus et al., 2008; Kato et al., 2004), I speculate that Bnl expressed in 
the leading edge of dorsal epidermis (Fig. 10C-C’”) sends “stop” signal to FCs 
so that they stay in place during DC. After completion of dorsal closure FCs, 
Bnl expression may be downregulated and allow migration of FCs to the 
midline to complete branch fusion.  
 
Specification of fusion cell and its interaction with terminal cell 
In addition to the unique mode of FGF response, Fusion cells perform unique 
task of adhering to each other and are converted to the torus shape to permit 
fusion of tracheal branches (Lebreton and Casanova, 2014; Samakovlis et al., 
1996b; Tanaka-Matakatsu et al., 1996; Kato et al,. submitted). We found that 
those properties of FCs are specified by the action of two transcription factors 
Esg and Dys, each specifying different aspects of FC properties. In esg 
mutants, FC maintained active migration but failed to perform fusion-related 
cellular shape change. In addition it formed excessively long intracellular 
lumen that resembled in part to that of TCs. On the other hand FCs in dys 
mutants were slower in migration and rarely reached the midline and touched 
their counterparts, suggesting that the migratory property was impaired. In esg; 
dys double mutants, FC was lost in the some DB tips. In these cases, TC took 
the leading position and often extended long protrusion toward the midline (Fig. 
12H-H”). Those results indicate that FCs are specified by the combined action 
15/7/7	  
	   33	  
of Esg and Dys. Loss of FCs had no effect on the presence of TCs, but the 
migratory direction of TC was altered in the absence of FC, indicating FCs 
influence migration of TC as described in (Fig. 12H-H”).  
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Part 4 Application of IR-LEGO to investigate 
transcytosis in the Drosophila embryo  
Introduction of Serp function in tracheal development  
Insect extracellular matrix (ECM) consists of the polysaccharide chitin and an 
assortment of proteins required for exoskeleton assembly and tracheal 
development. For example, serpentine (Serp) is a chitin deacetylase required 
for the tracheal tube morphogenesis (Luschnig et al., 2006). Both the 
overexpression and loss of serp function result in trachea with excessively 
long and convoluted tubes (Luschnig et al., 2006; Wang et al., 2006). However, 
whether non-epithelial tissues contribute to tracheal tubulogenesis is unknown. 
Previous results show that Serp produced by the fat body can accumulate 
in the tracheal lumen (Dong et al., 2014). Transcytosis which is a key process 
facilitates protein translocation across epithelial barriers could be the 
mechanism for Serp translocation; however, it is also possible that fat 
body-derived Serp reaches the tracheal tube through protein diffusion. This 
possibility arises because the trachea does not develop paracellular barriers 
until stage mid 15 (Paul et al., 2003). 
In previous experiments, twi-gal4 or ppl-gal4 were used to drive Serp 
expression (Dong et al., 2014). However, the accurate expression time of 
these drivers is unknown, it still have the possibility that non-tracheal-derived 
Serp to diffuse into the tracheal lumen and be captured and concentrated by 
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either interacting with the chitin-based apical extracellular matrix and/or the 
endocytic cycling of Serp in the trachea during stages 10 through early 
stage14.  
 
Application of the IR-LEGO system for investigation of 
Serp transcytosis in the embryo 
To rule out entry of Serp into the trachea by diffusion, I first generated a 
HS-Serp-CBD-GFP stock and found general water bath heat shock caused 
Serp-CBD-GFP accumulated in tracheal lumen (Fig. 15A-A”). Then, I induced 
expression of Serp-CBD-GFP in mesodermal cells surrounding the trachea at 
stage 15 using infrared laser-induced local heat shock (Kamei et al., 2009; 
Miao and Hayashi, 2015) and found GFP signal in the tracheal lumen at stage 
16 (Fig. 15B-E, Supplementary movie S17). This indicates that 
Serp-CBD-GFP can reach the tracheal lumen across epithelial barriers 
through transcytosis. 
 
Heat shock disturbed the localization of Serp protein. 
When I did the experiments used general heat shock to studied 
Serp-CBD-GFP localization, I surprisingly found that general heat shock 
caused mislocalization of Serp protein. In order to further investigate how 
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temperature effect on Serp localization, I set up different temperature groups 
(Fig. 16). The control embryos were cultured in 18 degree and Serp protein is 
localized in the tracheal lumen in stage 14. When these embryos were shifted 
to 25 degree for 3 hours, Serp still strong localized in the lumen, suggested 
that in room temperature or lower, Serp is normally localized in tracheal lumen. 
However, when the embryos were shifted to 29 degree for 3 hours, Serp 
became strong localized in the mesoderm cells. The ones shift to 32 degree 
for 3hours showed even more severe localization in the mesoderm cells. 
These results suggested that high temperature could cause mislocalized of 
Serp protein. Further, I shifted the embryos from 18 degree to 29 degree for 
0.5 hour~3 hour to study the timing which causes the mislocalization (Fig. 16 
E-H). In 0.5 hour and 1 hour cases, the location were not strong localized in 
the mesoderm cells, but 2 hour and 3 hour can caused severe mislocazation of 
Serp. 
Serp is reported that could be produced by the fat body cells and secrete 
into tracheal lumen (Dong et al, 2014). To investigate how Serp protein 
localized after heat shock, I co-stained the embryos with Serp antibody and fat 
body marker sevenup (Svp). The co-staining result showed that Serp was 
accumulated in fat body after heat shock (Fig. 17A). In order to test whether 
the mislocalized Serp is from fat body cells or from the tracheal lumen, I used 
tracheal driver btl-gal4 to overexpress Serp-CBD-GFP and Serp-GFP. The 
results showed that GFP signal was highly accumulated in tracheal lumen (Fig. 
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17B’, C’). Though the Serp was accumulated in fat body, no GFP signal was 
found in the fat body (Fig. 17B-C, B”-C”). These results implied that the Serp 
localized in fat body is not from the tracheal lumen, it probably from the fat 
body cell itself. Heat shock may affect the secretion of Serp or block the 
process of Serp transcytosis to the tracheal lumen. Though I do not know the 
mechanism yet, this result suggested that heat shock might cause many 
complex responses of the living organism. Thus, general heat shock 
experiments should be carefully controlled and the localized heat shock 
method like IR-LEGO may be a power tool to study gene function because this 
method can control the gene expression by only heat shock a small subset of 
cells.    
 
Discussion 
Translocation of Serp from the fat body to the tracheal lumen Serp produced in 
the fat body is secreted into the haemolymph, taken up by tracheal cells, and 
then transcytosed to the lumen. Dong and colleagues have previously shown 
that secreted luminal Serp is recycled in the tracheal cells and transported 
back to the lumen via retrograde trafficking (Dong et al., 2013). Once Serp is 
internalized from the basal side, it may be transported to the recycling pathway 
and then released into the lumen, where it is retained by binding to chitin 
(Dong et al., 2014). Thus, through retrograde recycling and transcytosis 
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pathways, sufficient levels of Serp are maintained in the tracheal lumen, 
thereby facilitating the dynamic remodelling of the aECM that is essential for 
the regulation of tube morphogenesis. 
 
Overall Discussion 
Heat shock promoters were one of the first choices for ectopically controlling 
gene expression at a defined time point in Drosophila in past 30 years 
(Schneuwly et al., 1987; Struhl, 1985). The GAL4-UAS system (Brand and 
Perrimon, 1993), Gal80 system (McGuire et al., 2003) and FLP-FRT system 
(Lee and Luo, 1999; Nellen et al., 1996; Zecca et al., 1996) develop later have 
greatly advanced the study of gene functions. However, these techniques 
have limitations for the study of embryonic tissues. In this thesis, I applied the 
infrared laser-evoked gene operator (IR-LEGO) system (Kamei et al., 2009) to 
manipulate gene expression in fly embryo. By using a HS-eGFP stock, which 
the eGFP is direct control by the heat shock promoter, I demonstrated that 
IR-LEGO could be used to activate heat shock response in a small number of 
cells in Drosophila embryos within 1 to 2 hours. I further applied IR-LEGO to 
induce Branchless (Bnl) in the surrounding tissue, to show that localized 
ectopic expression of Bnl modulates terminal branching and migration. I also 
studied the response of fusion cell, which shows a kind of repulse phenotype 
when ectopic FGF is induced in the prospective fusion position. In addition, I 
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also used IR-LEGO to study the transcytosis of Serp, which is an important 
gene required for the tracheal tube morphogenesis. 
My work demonstrated that local IR heat shock is a versatile method of 
controlling gene expression in a timely manner. Though it have some 
shortages, like when induce gene expression in deeper positions of the 
embryo, but the induction efficiency is reduced due to the IR laser being 
absorbed by the cells above the heat shock position. And, in most cases, the 
IR laser targeted to a deep position induced gene expression in the focal plane 
as well as cells located above. Furthermore, heat shock on its own had an 
inhibitory effect on terminal branch formation when illumination was directly 
targeted. Those drawbacks should be taken into account when planning 
experiments. 
In conclusion, IR-LEGO would be a useful tool to study the 
morphogenesis of fast development process like embryonic development of fly 
embryo.    
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Figure legends 
Fig. 1. Set up of IR-LEGO system. (A) Light path of IR-LEGO system. DM: 
dichroic mirror. (B) Linear relationship between the power setting of the laser 
source and the measured laser power at the exit of the light path.  
 
Fig. 2. Optimization of IR heat shock. (A) Relationship between eGFP 
expression and input laser power by using continuous IR laser. The 
illumination time was 2s. (B) Comparisons of eGFP expression by using 
continuous IR laser and pulse IR laser. +: IR laser with pulse; 25mW, 4s, 60Hz, 
10ms. -: IR laser without pulse; 25mW, 4s. (A-B) Upper left: frequency of 
eGFP positive spots after 2hr irradiation. Upper right: time required for 
detecting induced eGFP. Bottom left: number of eGFP positive cells 2 hours 
after IR heat shock event. Bottom right: eGFP fluorescence intensity after 2hr 
irradiation. The data was expressed as the mean with standard deviation (SD). 
The student’s two-sided unpaired t-test with equal variance was used to 
assess statistical significance. * p<0.05, ** p<0.01. 
 
Fig. 3. Manipulation of gene expression by IR-LEGO in ectodermal cells. 
(A) Lateral view of a stage 6 HS-eGFP/+; His2Av-mRFP/+ embryo (single 
section). IR laser was targeted to a spot in the epidermis indicated with white- 
lined box. Scale bars: 10µm. (B) Close up view of white box in (A). Snapshots 
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of every 60 minutes are shown. eGFP expressing cells are outlined with white 
dashed line. Scale bars: 10µm. (C) Lateral view of a stage 9 HS-eGFP/+; 
His2Av-mRFP/+ embryo. IR-LEGO applied to four spots in the epidermis. 
eGFP expression was induced in cells marked with white dashed line. Close 
up view (1.5×) of one spot is showed in the small panels. Scale bars: 50µm. 
The input power and illumination time setting of (A-C) was 44 mW, 1s. (D) 
Summary of eGFP induction at different time points after IR illumination. Each 
heat shock event was classified according to the number of eGFP positive 
cells per spot. 
 
Fig. 4. Test heat inducible genes. (A-B) stage 14 embryos stained with 
anti-Delta after water bath heat shock for 1 hour and recovered in room 
temperature for 3 hours. (A) y,w. (B) HS-Dl. (C-F) stage 15 embryos stained 
with CBP to show the tracheal system after water bath heat shock for 1 hour 
and recovered in room temperature for 3 hours. (C) y,w. (D) HS-Rho1-wt. (E) 
HS-Rho1-V14. (F) HS-Rho1-N19. Scale bar: 10 µm.  
 
Fig. 5. Modulation of cell migration by ectopic FGF expression. (A) 
Schematic drawing of the dorsal branch of the Drosophila tracheal system. 
Three positions were chosen for targeting IR heat shock. The drawing 
corresponds to t=60 min shown in C-E. (B) Summary of terminal branch 
phenotype in response to IR heat shock. For the attraction phenotype, both 
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anterior and posterior DBs directly flanking the HS-bnl expressing position 
were scored. For the delay or inhibition phenotype, live imaging movies were 
used to judge the migration speed. Non-heat shocked branches were used as 
the internal control. The input power and illumination time setting was 44 mW, 
1s. (C-E) Examples of the terminal behavior after heat shock in position 1. 
Note that the strong green signal in t=0 min is the auto-fluorescence of the yolk. 
(C) Control embryo (HS-eGFP/+; btl-moe-mRFP/+). (D-E) Embryos with 
HS-bnl (HS-eGFP/+; btl-moe-mRFP/HS-bnl) showing attraction (D) and 
bifurcation (E) phenotypes. White asterisks show the heat shock position. 
White arrowheads show the eGFP expression. White arrows show the normal 
terminal branches. Yellow arrows show the attraction of terminal branches by 
ectopic Bnl. Red arrows show the additional terminal branch. Scale bar: 10µm. 
(F) Schematic drawing of terminal branching phenotypes. Asterisks show heat 
shock positions. 
 
Fig.6. Three classes of the terminal branch bifurcation phenotype. 
HS-eGFP/UAS-GFP-N-lacZ; btl-Gal4/btl-moe-mRFP embryos with or without 
HS-bnl were heat shocked in a single spot, and then DB located anterior to the 
spot was observed. Top three rows show RFP images of DBs immediately 
anterior to the heat shock position at three time points (time=0 min is the time 
of DB fusion). Fourth row shows tracheal marker in magenta, and nuclear 
marker and HS-eGFP expression in green. (A-A”’) Control heat shock on an 
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embryo without HS-Bnl. (B-B”’) Type 1 phenotype. Terminal cell is located in 
normal location (white arrow) and ectopic terminal branch without nucleus 
migrated posteriorly (yellow arrow). (C-C”’) Type 2 phenotype. Terminal cell is 
located in the posterior location (white arrow) and ectopic terminal branch 
without nucleus migrated anteriorly (yellow arrow). (D-D”’) Type 3 phenotype. 
Terminal branch located in both anterior (number 1) and posterior (number 3) 
locations contained nucleus (white arrow). Scale bar: 10µm. (E-H) Schematic 
drawings of control (E), type 1 (F), type 2 (G) and type 3 (H) phenotypes. 
Nucleus of terminal cell (green), fusion cell (red) and one of the stalk cells 
(blue) are numbered 1, 2, 3, respectively.  
 
Fig. 7. Long-range influence of ectopic FGF (A) Heat shock was applied 
between DBs, and the behavior of terminal branches in further anterior and 
posterior segments was observed. (B) Frequency of attraction phenotype in 
DBs one segment away from the site of heat shock. (C-D) Attraction 
phenotype of the anterior DBs. (C) An example of transient attraction 
phenotype in DB6 (heat shock between DB7 and DB8). (D) Example of the 
long-range attraction phenotype in DB3 (two segments away from the heat 
shock position between DB5 and DB6) and DB4 (one segment from the heat 
shock position). White asterisks show the heat shock position. White 
arrowheads show the eGFP expression. White arrows show the normal 
terminal branches. Yellow and red arrows show the attraction of terminal 
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branches by ectopic Bnl. In (D), DB3 was labelled in red and DB4 in yellow. 
Scale bar: 10µm. 
 
Fig. 8. Non-specific effect of heat shock on terminal branching. 
Response of terminal branch after direct heat shock in control (A) and HS-bnl 
(B) embryos. White asterisks show the IR heat shock position. White 
arrowheads show the site of eGFP expression. Yellow arrows show the 
inhibition of terminal branches after IR illumination. Scale bar: 10µm.  
 
Fig. 9 Ectopic FGF inhibited dorsal branch fusion. (A-D) Schematic 
drawings of dorsal branch fusion process. Asterisk shows the heat shock 
position. Fusion cell is labelled in green, terminal cell is labelled in red, stalk 
cells are labelled in blue. Blue line shows the leading edge. (A) Early stage 14. 
(B) Late stage 14. (C) Stage 15. (D) Stage 16. (E-H’) Snapshots of HS-eGFP, 
HS-bnl, dys>GFP-N, btl-moesin-RFP embryo show induction of ectopic FGF 
inhibited the fusion process of dorsal branch. (E, E’) Early stage 14 embryo. 
Asterisk shows the heat shock position. Note that the strong green 
fluorescence is the auto fluorescence of the yolk cells. (F, F’) Late stage 14 
embryo. (G, G’) Stage 15 embryo. (H, H’) Stage 16 embryo. Yellow arrowhead 
shows the nucleus of fusion cell. White arrowhead shows the HS-eGFP 
expression. Scale bar: 10µm.  
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Fig. 10 Localization of bnl mRNA in late stage embryos. (A-C’”) 
Fluorescence In Situ Hybridization of late stage embryos to show the 
localization of bnl mRNA. (A-A’”) Stage 13 embryo. (B-B’”) Stage 14 embryo. 
(C-C’”) Stage 15 embryo. (A’, A”, B’, B”, C’, C”) y-z section of (A)(B)(C) 
showing one segment of the embryo. (A’, B’, C’) y-z section with DAPI channel 
showing the leading edge. (A”, B”, C”) y-z section without DAPI channel. (A’”, 
B’”, C’”) Overlap of all segments in one embryo to show the accumulation of 
bnl mRNA. Scale bar: 10µm.  
 
Fig. 11 Proper level of FGF signaling is required for fusion cell migration. 
(A-A”) dys>GFP embryo, (D-D”) dys>dof embryo showed normal fusion. (B-B”) 
dys>btl RNAi embryo, (C-C”) dys>btl wt embryo showed fusion delay 
phenotype in some branches. Yellow arrowheads show the branches which 
fusion process were delay or inhibited. (B-B”) dys>btl RNAi embryo, fusion 
cells were labelled in red. Scale bar: 10µm. (E) The distance between fusion 
cell and the leading edge during fusion process. Control, N=23; dys>btl RNAi, 
N=13; dys>btl wt, N=11 
 
Fig. 12 esg and dys mutant embryo showed distinguishable phenotypes. 
(A) btl>moe-GFP embryo showed the normal fusion. (B-B”) snapshots of high 
magnification btl>moe-GFP showed the normal fusion process. (C) esg mutant 
embryo showed the fusion defect . (D-D”) snapshots of high magnification esg 
15/7/7	  
	   51	  
mutant embryo. (E) dys mutant embryo showed the fusion defect . (F-F”) 
snapshots of high magnification dys mutant embryo. (G) esg, dys double 
mutant embryo showed the fusion defect . (H-H”) snapshots of high 
magnification esg, dys double mutant embryo. Yellow arrowheads show the 
contact of two fusion cells. Red arrowheads show the tip of fusion cell. Scale 
bar: 10µm.  
 
Fig. 13 esg and dys are required for the inhibitory response of fusion cell. 
ectopic FGF was induced in the fusion position in (A-D, A’-D’) esg mutant 
embryo and (E-H, E’-H’) dys mutant embryo. White asterisks show the IR heat 
shock position. Red arrowheads show the HS-eGFP expression in the fusion 
position. Yellow arrowhead shows the contact of two branches in (C’) and no 
contact in (G’, H’). Scale bar: 10µm. 
 
Fig. 14 immunostaining of anti-esg, dys and DSRF. (A-C) immunostaining 
of anti-esg of (A) y,w embryo, (B) dys mutant embryo, (C) DSRF mutant 
embryo. (D-F) immunostaining of anti-dys of (D) y,w embryo, (E) esg mutant 
embryo, (F) DSRF mutant embryo. (G-L) immunostaining of anti-DSRF of (G) 
control embryo, (H) esg mutant embryo, (I) DSRF mutant embryo, (J) dys 
mutant embryo, (K) esg, dys double mutant embryo, (L) esg, DSRF double 
mutant embryo. Red arrowheads show the HS-eGFP expression in the fusion 
position. Yellow arrowhead shows the contact of two branches in (C’) and no 
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contact in (G’, H’). Yellow arrowheads show the normal expression of esg and 
dys in fusion cell and DSRF in terminal cell. White arrowheads show the 
absent of esg, dys and DSRF expression. Red arrowheads showed the 
additional lumen in fusion cell, which were DSRF positive in (H) esg mutant 
and (K) esg, dys double mutant, and DSRF negative in (L) esg and DSRF 
double mutant. Scale bar: 10µm. 
 
Fig. 15 Translocation of Serp to tracheal lumen. (A-A”) GFP signal 
accumulated in tracheal lumen after water bath heat shock of 
HS-Serp-CBD-GFP embryo. (A) GFP signal only. (A’) merge image shows 
GFP and CBP staining. (A”) Close up view of white box in (A’). (B-D’) (E-E”) 
Induction of Serp-CBD-GFP expression at stage 15 by localized laser heat 
shock. Left, middle and right panels show three stages of a time-lapse series. 
White dashed circles indicate the heat-shock positions. Yellow arrowheads 
indicate GFP signal in the heat-shocked position at stage 15 (expressed from 
HS>GFP). White arrowhead in inset indicates GFP signal present in the 
tracheal lumen at stage 16. (B-D’) without HS-eGFP. (E-E”) with HS-eGFP. 
 
Fig. 16 General heat shock causes mislocalization of Serp. (A-D”) 
embryos in different temperature setting stained with anti-Serp and CBP. (A-A”) 
embryos cultured in 18 degree then collected and keep in 18 degree for 3 
hours. (B-B”) embryos cultured in 18 degree then collected and keep in 25 
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degree for 3 hours. (C-C”) embryos cultured in 18 degree then collected and 
keep in 29 degree for 3 hours. (D-D”) embryos cultured in 18 degree then 
collected and keep in 32 degree for 3 hours. (E-H) single section of Serp 
staining embryos that cultured in different time setting in 29 degree. (E) 0.5 
hour. (F) 1 hour. (G) 2 hours. (H) 3 hours. Scale bar: 10µm. 
 
Fig. 17 Mislocalized Serp is not from tracheal lumen. (A-A”) y, w embryos 
cultured in 18 degree then collected and keep in 32 degree for 3 hours. 
Embryos stained with anti-Serp and anti-Svp. Yellow arrowheads indicate 
Serp accumulation in Svp-positive cells. (B-C”) btl-gal4 driven Serp-CBD-GFP 
(B-B”) and Serp-GFP (C-C”) embryos cultured in 18 degree then collected and 
keep in 32 degree for 3 hours. Embryos stained with anti-Serp. Scale bar: 
10µm.  
 
Legend for supplemental movies.  
Movie. S1. Manipulation of gene expression by IR-LEGO in ectodermal 
cells of a Drosophila embryo. Lateral view of a stage 6 HS-eGFP/+; 
His2Av-mRFP/+ embryo (single section). IR laser was targeted to a spot in the 
epidermis. White asterisks show the heat-shocked position. White arrows 
show the eGFP expressing cells. Scale bar: 10µm.  
 
Movie. S2. Control embryo with laser heat shock. Control embryo 
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(HS-eGFP/+; btl-moe-mRFP/+) heat shocked at two locations (asterisk). 
Tracheal branching pattern was normal. Scale bar: 10µm.  
 
Movie. S3. Terminal branch attraction phenotype induced by ectopic Bnl. 
Embryos with HS-bnl (HS-eGFP/+; btl-moe-mRFP/HS-bnl) showing terminal 
branch of DB5 attracted (yellow arrow) to the site of Bnl expression marked 
with eGFP (white arrowhead). Red arrows show long-range attractive 
influence on distant branches (DB3 and 4).  
 
Movie. S4. Terminal branch bifurcation phenotype induced by ectopic 
Bnl. Treatment condition was the same as movie S3. Posterior migration of 
DB5 terminal branch (yellow arrow) was followed by appearance of additional 
terminal branch migrating in anterior direction (red arrow).  
 
Movie. S5. Long-range and polarized influence of ectopic FGF. Heat 
shock was applied between DB7 and DB8, and behavior of terminal branches 
in DB6 and DB9 was observed. White asterisk indicates the heat shock 
position. White arrows show the terminal branch migration of DB9 in normal 
orientation (terminal branch overlaps with stalk in this case). Yellow arrow 
shows terminal branch of DB6 attracted posteriorly by ectopic Bnl between 1 to 
2 hours after heat shock. After 2 hours, DB6 terminal branch was redirected 
toward anterior position and migrated in normal pattern. Scale bar: 10µm. 
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Movie. S6. Ectopic FGF inhibited dorsal branch fusion. Embryos with 
HS-bnl (HS-eGFP/dys-Gal4; UAS-GFP-N/ btl-moe-mRFP,HS-bnl) showed 
fusion of DB7 was inhibited by ectopic FGF. White arrows show the ectopic 
Bnl expression marked with eGFP. Yellow arrows show the localization of 
fusion cell nuclei. Scale bar: 10µm. 
 
Movie. S7-S10. Proper level of FGF signaling is required for fusion cell 
migration. (S7) UAS-GFP/+; dys-Gal4/ btl-moe-RFP embryo, (S10) 
UAS-dof/+; dys-Gal4/ btl-moe-RFP embryo showed normal fusion. (S8) 
dys-Gal4/ UAS-btl RNAi embryo, (S9) UAS- btl wt/+; dys-Gal4/ btl-moe-RFP 
embryo showed fusion delay phenotype in some branches. Yellow arrowheads 
show the branches which fusion process were delay or inhibited. Scale bar: 
10µm. 
 
Movie. S11-S14. esg and dys mutant embryo showed distinguishable 
phenotypes. (S11) btl>moe-GFP embryo showed the normal fusion. (S12) 
esg mutant embryo showed the fusion defect which two fusion cells did contact 
but cannot undergo normal fusion process. And one additional lumen 
appeared in the fusion cell in late stage. (S13) dys mutant embryo showed the 
fusion defect which two fusion cells cannot contact and no additional lumen 
formed in late stage. (S14) esg, dys double mutant embryo showed the lost of 
fusion cell, the terminal cell shows polarity phenotype. Scale bar: 10µm. 
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Movie. S15-S16. esg and dys are required for the inhibitory response of 
fusion cell. ectopic FGF was induced in the fusion position in (S15) esg 
mutant embryo (esg-/ esg-; HS-eGFP/ HS-bnl, btl-moe-RFP) and (S16) dys 
mutant embryo (HS-eGFP/ +; dys3, HS-bnl/ dys2, btl-moe-RFP). White 
asterisks showed the IR heat shock position. Red arrows showed the 
HS-eGFP expression in the fusion position. Yellow arrows showed the contact 
of two branches in (S15). Scale bar: 10µm. 
 
Movie. S17. Induction of Serp-CBD-GFP by localized IR laser heat shock. 
An embryo carrying HS>Serp-CBD-GFP was heat-shocked at non-tracheal 
tissues by IR laser at later of stage 14. After 90 minutes, GFP signal presents 
in the lumen of dorsal trunk. A cluster of bright spots appearing at 24 minutes 
is yolk auto fluorescence. Bar represents 20 µm.  
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Fig	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Fig	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Fig	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Fig	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Fig	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Fig	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Fig	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Fig	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Movie	  S1	  https://www.dropbox.com/s/k90gckt1flzybr3/movie%20S1.mov?dl=0	  Movie	  S2	  https://www.dropbox.com/s/c73kx1wzpu2ueyx/movie%20S2.mov?dl=0	  Movie	  S3	  https://www.dropbox.com/s/kvtmcseu2rrwwcd/movie%20S3.mov?dl=0	  Movie	  S4	  https://www.dropbox.com/s/fr83rrm21mvckya/movie%20S4.mov?dl=0	  Movie	  S5	  https://www.dropbox.com/s/0gx6bc48syb23ty/movie%20S5.mov?dl=0	  Movie	  S6	  https://www.dropbox.com/s/uyqz1vyxiqfz8vw/movie%20S6.mov?dl=0	  Movie	  S7	  https://www.dropbox.com/s/ez2adhy1hmg8v4d/movie%20S7.mov?dl=0	  Movie	  S8	  https://www.dropbox.com/s/6sip9hl1iykla2m/movie%20S8.mov?dl=0	  Movie	  S9	  https://www.dropbox.com/s/n1p4imw6680ngrj/movie%20S9.mov?dl=0	  Movie	  S10	  https://www.dropbox.com/s/l648tpoxuj545sf/movie%20S10.mov?dl=0	  Movie	  S11	  https://www.dropbox.com/s/08q3r6jpq1bto1c/movie%20S11.mov?dl=0	  Movie	  S12	  https://www.dropbox.com/s/1iwryp04cb2e1pb/movie%20S12.mov?dl=0	  Movie	  S13	  https://www.dropbox.com/s/ibs0c3shs58rida/movie%20S13.mov?dl=0	  Movie	  S14	  https://www.dropbox.com/s/cgsjmko4kb62vuj/movie%20S14.mov?dl=0	  Movie	  S15	  https://www.dropbox.com/s/el12khs58d70us0/movie%20S15.mov?dl=0	  Movie	  S16	  https://www.dropbox.com/s/8972utv648zcm8e/movie%20S16.mov?dl=0	  Movie	  S17	  https://www.dropbox.com/s/0fbvc8ezzjc0o3b/movie%20S17.mov?dl=0	  
